Granulomas are a collection of immune cells considered to be protective in infectious diseases. The in vitro generation of granulomas is an interesting substitution to invasive approaches of granuloma study. The monitoring of immune response through the determination of in vitro granuloma formation in patients with severe sepsis may be critical to individualize treatments. We compared the in vitro generation of granulomas by co-culturing circulating mononuclear cells from 19 patients with severe sepsis, 9 patients cured from Q fever and 12 healthy subjects as controls, and Sepharose beads coated either with BCG or Coxiella burnetii extracts to analyze both immune and innate granulomas, respectively. We showed that the great majority of patients with severe sepsis were unable to form granulomas in response to BCG and C. burnetii extracts whereas more than 80% of healthy controls and patients cured from Q fever formed granulomas. We also found that monocytopenia and defective production of tumor necrosis factor were associated with reduced formation of granulomas in patients with severe sepsis even if TNF did not seem to be involved in the defective granuloma formation. Taken together, these results suggest that the deficiency of granuloma formation may be a measurement of altered recruitment and activation of monocytes and lymphocytes in patients with severe sepsis.
Introduction
Granulomas are a tissue collection of macrophages and lymphocytes, which are generated in response to various microorganisms [1] , toxic molecules and foreign materials [2] . The first step of granuloma formation is the recruitment of macrophages and blood-derived myeloid cells, which is completed by the recruitment of activated T cells. Macrophages within granulomas undergo a maturation program leading to the formation of multinucleated giant cells (MGCs) and foamy cells [3, 4] . The formation of granulomas is conditioned by the cytokine context. Indeed, type 1 cytokines such as interferon (IFN)-γ, interleukin (IL)-12, and tumor necrosis factor (TNF) are necessary for the formation of granulomas in response to bacteria [5] . The granulomas evolve from "innate granulomas" that do not require T cells to "immune granulomas" in which T cells are required [6] .
The study of tissue granulomas requires invasive methods that are not convenient for the investigation of patients. A method was recently developed to generate granulomas in vitro using the co-culture of peripheral blood mononuclear cells (PBMCs) and Sepharose beads coated with bacterial extracts from BCG [7] or Coxiella burnetii (CB) [8] . The monocytes migrate to the beads and maturate into macrophages and MGCs in the presence of lymphocytes [8] . Hence, the in vitro assay of granuloma formation measures the activation and the ability of monocytes to migrate towards the source of infection and could be used in clinics. For instance, this assay has been used to study the ability of invasive Escherichia coli from patients with Crohn disease to elicit the aggregation of macrophages and lymphocytes [9] . A similar assay combined with high-content screening technology allows investigating antituberculous compound activities [10] . In brain-injured patients who develop nosocomial pneumonia, PBMCs generate fewer mature granulomas than those of controls in response to BCG [11] . PBMCs from a large proportion of patients with Q fever endocarditis are unable to form granulomas in the presence of beads coated with CB extracts. This is related to altered recruitment of monocytes since the distance covered by monocytes was lower in Q fever endocarditis than in controls [12] . Hence, the in vitro assay can mimic the lack of granulomas found in patients with chronic evolution of Q fever and suggests that impaired monocyte migration is involved in defective formation of granulomas. Taken together, these data suggest that the in vitro formation of granulomas could be a new method to assess recruitment and activation of immune cells in patients.
Severe sepsis is defined as the combination of a systemic inflammatory response syndrome and suspected infection with at least one organ failure including hypotension, respiratory failure, coma, liver failure, thrombocytopenia and acute renal failure [13] . It is characterized by an uncontrolled inflammatory response that leads to immune system failure including a loss of delayed hypersensitivity, an inability to clear infections and a predisposition to nosocomial infections [14] . Some cytokines such as circulating TNF have been correlated with the prognosis of severe sepsis [15] and such findings have served as a basis for immunotherapy of sepsis targeting TNF. Unfortunately, this strategy was unsuccessful [16] . Few molecules have been proposed to assess the prognosis of severe sepsis and to identify patients who can benefit from innovative treatments. For instance, the expression of HLA-DR is used before the administration of granulocyte-macrophage colony-stimulating factor in patients with a defective immune response [17] . Although these tools investigate some features of the immune response, we need bioassays that enable us to assess the activation of immune cells in patients to adapt immune therapy.
Here, we assessed the ability of PBMCs from patients with severe sepsis to generate granulomas. To exonerate our data from the constraints of prior immunization, we compared granuloma formation in response to BCG and CB (a majority vs. a minority of patients specifically immunized). We found that 13 of 19 patients with severe sepsis were unable to form granulomas, suggesting severe impairment of their ability to recruit and activate immune cells. We also demonstrated a relationship between the impairment of granuloma formation and monocytopenia. patients with cured Q fever was defined on clinical (history of acute Q fever) and serological recovery (residual levels of anti-C. burnetii antibodies (Abs)).
Materials and Methods

Study population
PBMC isolation
The EDTA-anticoagulated blood samples (5 ml) were withdrawn the day of empirical antibiotic onset. The PBMCs were isolated after centrifugation on Ficoll cushion, as previously described [21] . The PBMCs were then suspended (about 5 × 10⁶ cells/ml) in RPMI 1640 containing 20% fetal calf serum (FCS, Invitrogen) and 10% dimethyl sulfoxide and conserved at -80°C.
Bacteria and bead preparation
BCG (Mycobacterium bovis, American Type Culture Collection, stub 35734) was cultured on agarose (Middlebrook 7H10 agar medium). C. burnetii (Nine Mile strain RSA496) was cultured as previously described [22] . The bacteria (10 9 per assay) were sonicated in a coupling buffer (NaHCO 3 0.1 M pH 8.3 with NaCl 0.5 M) and their protein content was determined by Bradford's method as previously described [12] . Activated 4B Sepharose beads (about 4 × 10 4 beads, 40-100 μm diameter, GE Healthcare) were coated with bacterial extracts (0.5 mg of proteins). The coupling efficiency was determined by measuring the protein content of supernatants.
Granuloma formation
The formation of granulomas was studied using a modified method adapted from Delaby et al. to investigate patients with severe sepsis [12] . For that purpose, different concentrations of PBMCs (1 × 10 5 and 2.5 × 10 5 per well) were incubated in 96-well microplates in the presence of 50 or 100 beads coated with BCG or CB in 200 μl of RPMI 1640 containing 10% FCS and antibiotics at 37°C. The formation of granulomas was measured after 3, 6 and 9 days in duplicates and evaluated by reverse microscopy. Only beads that were completely covered by cells were considered granulomas and the results were expressed as the percentage of granulomas.
The reproducibility was assessed in 3 individuals who were assayed 3 times with similar results.
To assess the impact of freezing on the ability to forming granulomas, PBMCs from three individuals were frozen or immediately used, and the formation of granulomas was measured. In some experiments, PBMCs from patients who did not form granulomas were incubated with beads coated with BCG or CB extracts and 10 ng/ml of human recombinant TNF (R&D Systems) while control PBMCs were incubated with coated beads and 10 ng/ml monoclonal Ab (mAb) directed against TNF (Adalimumab kindly provided by Professor J. Roudier, Marseille) and granuloma formation was measured. Crude data are available in the S1 Table. Cytokine measurement PBMCs (2.5 × 10 5 cells/well) were incubated with beads coated with bacterial extracts (50 beads/well) for 1 day of culture. Each experiment was performed in duplicate. Cell supernatants were collected and TNF and IL-10 were assayed in duplicates (100 μl each) using specific immunoassays (R&D Systems). The results were expressed as pg/ml. The detection limits of immunoassays were of 5.5 and 3.9 pg/ml for TNF and IL-10, respectively. The intra-and interspecific coefficients of variation ranged from 5% to 10%. Crude data are available in S2 Table.
Statistical analysis
Quantitative data are presented as the medians and interquartile ranges [IQRs] , and mean and standard deviation. Qualitative data are presented as absolute counts and percentages. Differences between groups were tested with the Student t test and a cutoff value of 0.05 was chosen to consider a difference to be statistically significant. Data analysis and plots were performed using R software (v.3.1.2) with "stats" and "ggplot2" libraries (Bioconductor software suite).
Results
In vitro generation of granulomas in patients with severe sepsis
In a first series of experiments, we defined the experimental conditions of granuloma formation using three healthy controls. We found that the culture of 2.5 × 10 5 PBMCs with 50 BCG-or CB-coated beads in 96-well microplates led to the formation of 75% and 90% of granulomas after 6 and 9 days, respectively. We also measured the effect of PBMC freezing on granuloma formation. The ability to form granuloma was not significantly different in unfrozen and frozen PBMCs (92 ± 5% vs. 80 ± 7% after 9 days, respectively). In addition, we assayed the ability of three control PBMCs to form granulomas three times. The variations in granuloma formation did not exceed 10%. Hence, these conditions, which reduced blood sampling and provided a reproducible assay for routine investigation of frozen PBMCs from septic patients, were used in the subsequent experiments. Then, we investigated the formation of granulomas in patients with severe sepsis. Severe sepsis was characterized by a dramatic decrease in granuloma formation as compared with healthy controls and individuals with cured Q fever. Indeed, after 3 days of culture of PBMCs with BCG-coated beads, the formation of granulomas was low (16 ± 33%) in septic patients whereas it already reached 65 ± 30% in healthy controls (p < 0.001). Note that one healthy control was unable to form granulomas and two subjects form only a small number of granulomas. The defective formation of granulomas in septic patients was not due to a delayed formation of granulomas since it remained lower in the septic patients than in the healthy controls after 6 (25 ± 41% vs. 81 ± 30%, p < 0.001) and 9 days (22 ± 39% vs. 79 ± 30%, p < 0.001). It was clearly related to severe sepsis because the patients cured from Q fever were fully able to form BCG-specific granulomas; the percentage was close to 100% (75 ± 41%; 98 ±2%; 99 ±1%; p < 0.001 at days 3, 6 and 9, respectively) ( Fig 1A) . The deficient formation of granulomas did not affect all the patients with severe sepsis because six among the 19 (31%) patients kept the ability to form granulomas. Note that granuloma formation was delayed in 3 of these patients. The patients with SOFA ! 7 tended to have a defective granuloma formation, but no significant correlation was found (S1 Fig). No significant difference was found between the patients with and without granuloma formation (S3 Table) .
Because the deficiency of granuloma formation in severe sepsis was related to the immune granulomas, we wondered if innate granulomas were also affected. We determined the ability of PBMCs from patients with severe sepsis to form innate granulomas using beads covered with CB extracts. We showed that the patients with severe sepsis were unable to form innate granulomas (14 ± 32%; 25 ± 42%; 24 ± 40%) compared with the healthy controls (58 ± 31%; 84 ± 24%; 84 ± 28%; p < 0.001) and with the patients cured from Q fever (79 ± 41%; 99 ± 1%; 98 ± 2%; p < 0.001) at days 3, 6, and 9, respectively. Note that the patient who did not form granulomas in response to BCG extracts was unable to mount a granuloma response to CB extracts. The level of the deficiency in patients with severe sepsis was similar to that found for immune granulomas (Fig 1B) . Taken together, these results showed that the patients with severe sepsis exhibited a defective formation of innate and immune granulomas.
Mechanisms of defective granuloma formation in septic patients
We previously reported that monocytes, but not lymphocytes, are required for granuloma formation [12] . Defective granuloma formation may be the result of the impaired recruitment of ) were cultured during 3, 6 and 9 days in the presence of 50 beads coated with BCG (A) or CB (B) extracts. PBMCs were isolated from controls (upper part), patients cured from Q fever (medium part) and patients with severe sepsis (lower part). Granuloma formation is expressed as the percentage of beads entirely covered by PBMCs. The boxplots represent the medians with the first and third quartiles. The whiskers represent the highest value that is within 1.5* IQR*. Data beyond the end of the whiskers are outliers and plotted as black points. Color points represent the mean value of the duplicates. monocytes. We wondered if changes in monocyte and lymphocyte circulating levels impacted granuloma formation in patients with severe sepsis. The cohort of septic patients consisted of 11 patients with an abnormal formula, including 9 patients who did not form granulomas. The alteration of circulating mononuclear cells consisted of lymphopenia for 9 patients and monocytopenia for 5 patients. Three patients were both lymphopenic and monocytopenic. Lymphopenia in patients with severe sepsis was not significantly associated with the impaired formation of immune and innate granulomas although 7 patients with lymphopenia did not form granulomas (Fig 2A) . In contrast, the five patients with monocytopenia (0.12 ± 0.08 × 10⁹ cells/l) were unable to form immune and innate granulomas (Fig 2B) , showing that monocytopenia was associated with defective granuloma formation.
As monocytopenia did not account for all the patients with defective granuloma formation, we wondered whether alterations in cytokine imbalance interfered with granuloma formation. As TNF is associated with granuloma formation, we measured its release by PBMCs from septic patients. The amounts of TNF in supernatants from BCG-stimulated PBMCs were significantly (p = 0.02 and p = 0.03, respectively) lower in the patients with severe sepsis (54 [36-150] pg/ml) than in the healthy controls (295 pg/ml) and the patients with cured Q fever (362 [279-443] pg/ml). Similarly, the amounts of TNF in supernatants from CB-stimulated PBMCs were significantly (p = 0.04 and p = 0.05, respectively) lower in the patients with severe sepsis (59 [35-290] pg/ml) than in the healthy controls (311 [169-791] pg/ml) and the patients with cured Q fever (480 [292-647] pg/ml) (Fig 3A) . The decreased production of TNF may be related to the hyporesponsiveness of PBMCs from patients with severe sepsis or the increased production of an immunosuppressive cytokine such as IL-10. To discriminate between these hypotheses, we determined the release of IL-10 by PBMCs in the presence of BCG-or CBcoated beads. The release of IL-10 by control PBMCs stimulated with BCG-or CB-coated beads did not exceed 40 pg/ml in healthy controls and patients cured from Q fever. The release of IL-10 by PBMCs from septic patients was rather lower than that found in controls and patients with cured Q fever (Fig 3A) , suggesting that the decreased release of TNF in severe sepsis was not related to the overproduction of an immunosuppressive cytokine such as IL-10. Finally, we studied the relationship between the capacity to form granulomas and the production of TNF in septic patients. The release of TNF (182 [104-349] and 232 [109-564] pg/ml, respectively) by PBMCs from the patients who formed immune (BCG) and innate (CB) granulomas was significantly (p < 0.05) higher than that of PBMCs from patients unable to form immune and innate granulomas (36 and 38 pg/ml, respectively) (Fig 3B) . Taken together, these results showed that the defective formation of innate and immune granulomas in patients with severe sepsis was related to monocytopenia and associated with reduced production of TNF.
To tempt to relate defective granuloma formation and reduced production of TNF, we performed additional experiments. First, we added recombinant TNF to PBMCs from 3 patients who did not form granulomas: TNF was unable to increase the formation of immune and innate granulomas. Indeed, the percentage of immune granulomas observed when PBMCs were incubated in the presence of TNF was of 18 ± 25%; 27 ± 38%; 28 ± 42% at days 3, 6 and 9, respectively. Similarly, TNF did not increase the percentage of innate granulomas in patients unable to form granulomas (20 ± 25%, 27 ± 38%; 28 ± 42% at days 3, 6 and 9, respectively). Second, we added mAb directed against TNF to control PBMCs cultured for 9 days in the presence of beads coated with BCG or CB extracts. We found that such treatment had no effect on granuloma formation. Indeed, the percentage of immune granulomas remained high in the presence of anti-TNF mAb (55 ± 37%, 75 ± 35% and 87 ± 24% at days 3, 6 and 9, respectively. Similarly, anti-TNF mAb did not affect the percentage of innate granulomas (48 ± 42%, 78 ± 32% and 88 ± 21% at days 3, 6 and 9, respectively). Taken together, these results showed that the formation of granulomas was not directly related to TNF.
Discussion
The study of immune response through the measurement of individual biomarkers to predict the evolution of patients with severe sepsis has been unsuccessful to date. We are proposing an alternative method, measurement of the in vitro formation of granulomas. It has been shown that PBMCs are able to form in vitro granulomas using beads covered with BCG [7] or CB [12] extracts. Here, we developed an in vitro assay to measure granuloma formation with low-size blood samples. In addition, using beads coated with BCG or CB extracts enabled us to investigate innate and immune responses in patients. The assay was distinct from the measurement of isolated biomarkers such as membrane antigens or soluble cytokines but could be related to whole blood stimulation assay. Nevertheless, while the former assesses activation and recruitment of PBMCs, the latter measures the ability of circulating cells to produce soluble mediators.
We found that granuloma formation was impaired in patients with severe sepsis. As the BCG vaccinal status of healthy subjects and septic patients was unknown, this may be a limit of the study. However, it is likely that most of them were immunized due to the inclusion criteria in France (affiliation to the national health system for being included in clinical trials). We also used samples of patients cured from Q fever as controls in order to have a population with specific immunization. The defective formation of granulomas with BCG-coated beads reflects a defective cell-mediated immune response. It may be related to loss of the delayed hypersensitivity response to common recall antigens associated with sepsis-induced immunosuppression [14] . Impaired granuloma formation with CB-coated beads in patients with severe sepsis who are not sensitized to CB suggests an immunoparalysis state [14] . Nevertheless, a minority of patients with severe sepsis was able to form granulomas, although we ignore if these granulomas are functionally competent. Conversely, one healthy control was unable to form granulomas. As the age of this control was 70 years, we suggest that the inability to form granulomas may be related to immunosenescence because about 10% of healthy aged individuals were unable to form granulomas (manuscript in preparation). Defective granuloma formation may be associated with the severity of sepsis or patient outcomes. We assessed granuloma formation according to severity including the severity score (SOFA) and survival. There is a tendency between defective granuloma formation and high SOFA but no significant correlation was found, likely due to the size of samples.
We then investigated the mechanisms involved in the defective granuloma formation in patients with severe sepsis. First, we showed that defective granuloma formation was associated with monocytopenia, but not with lymphopenia. This is consistent with our previous report in which we showed that monocytes, but not lymphocytes, are required for the initial phases of granuloma formation including the migration toward beads coated with bacterial extracts [12] . This may be also related to the role of macrophage supply in the maintain of granuloma integrity as demonstrated in a zebrafish model of granuloma formation [23] . Nevertheless, defective granuloma formation related to monocytopenia did not account for all the septic patients who did not form granulomas. Second, the defective granuloma formation in septic patients may depend on an inflammatory process or bacterial infection. We investigated the hypothesis based on cytokine imbalance because sepsis-induced immunosuppression is associated with decreased production of inflammatory cytokines and a high IL-10-to-TNF ratio [24] . We found that the TNF release induced by BCG or CB extracts was decreased in PBMCs from patients with severe sepsis. This finding is consistent with initial papers that showed the role of TNF in granuloma formation [5] . The decrease of TNF production occurs without IL-10 increase, suggesting that the modulation of TNF release was not related to the overproduction of IL-10, as in sepsis-induced immunosuppression based on LPS tolerance [25] . Our results are TNF and IL-10 in cell supernatants was assayed twice. The results were expressed as pg/ml. In A, TNF and IL-10 were measured in 8 Controls, 7 Q fever, and 14 samples of Sepsis. In B, TNF was measured in patients with severe sepsis who formed (6 samples) or did not form (8 samples) granulomas. The boxplots represent the medians with the first and third quartiles. The whiskers represent the highest value that is within 1.5 *IQR. * p < 0.05. doi:10.1371/journal.pone.0158528.g003 also distinct from those concerning patients with traumatic brain injury associated with defective granuloma formation in which a strong inflammatory response was observed [11] . The decrease in TNF release may result from a decreased number of TNF-producing cells in the blood, especially monocytes, rather than a repolarization of the immune response toward an anti-inflammatory profile. However, TNF adding to PBMCs from septic patients unable to form granulomas did not restore the formation of immune and innate granulomas. Similarly, adding anti-TNF mAb to control PBMCs did not inhibit the formation of immune and innate granulomas. These results suggest that TNF is dispensable or acts in synergy with other cytokines in granuloma formation. We hypothesize that the defective granuloma formation in septic patients may depend on bacterial infection. Indeed, Deknuydt et al. included patients with traumatic brain injury before the occurrence of nosocomial pneumonia and showed that impaired granuloma formation in these patients is associated with an increased frequency of secondary infections [11] , suggesting that bacterial infection plays a major role in the defective formation of granulomas in patients with severe sepsis.
Conclusion
In conclusion, this study showed that the assay of in vitro granuloma formation was convenient to study small blood samples in clinical practice. It also demonstrated that granuloma formation was impaired in a large proportion of patients with severe sepsis, as well as the role of monocytes. This study also suggests that immune response impairment is somewhat heterogeneous in patients with severe sepsis and use of this assay with larger cohorts of patients will be necessary. 
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